Background: Renal cell carcinoma (RCC) with inferior vena cava thrombus (IVC-TT) represents a relatively infrequent presentation. Curative treatment includes extirpative surgery; however, this is associated with high rates of recurrence and complications. Stereotactic body radiation therapy (SBRT) has been used to treat metastatic RCC with good results. SBRT may be used as part of multimodal therapy to provide local control of IVC-TT. Objective: We report our initial experience with SBRT to IVC-TT, including extended follow-up, and review the literature. Results: We report on two patients with level IV IVC-TT. Both had progressive disease while receiving systemic therapy and were eventually treated with SBRT to the IVC-TT, which showed good local control. Overall survival from the time of SBRT was 18 and 34 months, with no additional systemic therapy; one patient underwent additional SBRT and resection of metastatic sites. Conclusions: SBRT to RCC IVC-TT may be considered in selected patients for local tumor control.
INTRODUCTION
Kidney cancer is the 13th most common cancer worldwide, with renal cell carcinoma (RCC) account-ing for over 90% of all cases [1] . The expected incidence and mortality of RCC in the United States in 2018 is more than 65,000 new cases and more than 14,000 deaths [2] . A unique and often perilous feature of RCC is its ability to invade the venous system and form an inferior vena cava tumor thrombus (IVC-TT), which may extend as high as the right atrium [3] . At least 4-10% of patients are diagnosed with advanced disease characterized by IVC-TT [3, 4] . Although surgery is the only treatment with curative potential in RCC patients with IVC-TT, many patients may be poor surgical candidates, due to comorbidities and high risk of perioperative morbidity and mortality [5] . Expectant management of these patients is associated with poor survival [6] . Furthermore, sequelae such as pulmonary emboli, Budd-Chiari syndrome [7] , and venous congestion may develop, further stress the need for additional treatment strategies.
Although RCC has been historically considered resistant to conventional radiation therapy, good control rates have been reported with the use of stereotactic ablative radiation therapy (SBRT) in patients with both localized and metastatic disease, although long term data are limited [8] [9] [10] .
We report an update on our initial experience with SBRT to RCC IVC-TT, the first such experience reported in the literature, providing an extended follow-up [11] and a review of the literature.
CASE DESCRIPTION
Two patients with RCC and IVC-TT were treated at the University of Texas Southwestern (UTSW) Medical Center with SBRT aimed at IVC-TT between September 2012 and February 2013.
Case 1 -A 74-year old male initially presented with a 5-cm right renal mass, a level IV IVC-TT (Fig. 1A) , and suspected tumor pulmonary embolism. The patient underwent angio-embolization of the right kidney followed by radical nephrectomy and thrombectomy. Pathological analyses revealed a Fuhrman grade 3 clear cell RCC and a 15-cm IVC-TT invading the IVC wall with positive resection margins. Despite gross removal of the TT, shortly after the operation, a recurrent subdiaphragmatic IVC-TT was diagnosed (Fig. 1B) . The patient was initially treated with sunitinib, yet the TT continued to progress. The patient received additional systemic therapy, which included everolimus, pazopanib, and axitinib, but the TT continued to progress with concern for extension to the right atrium. Surgical treatment was offered, but the patient refused. As an alternative, SBRT was delivered to the tumor thrombus with a total dose of 50 Gy in 5 fractions (Fig. 1C) . No serious early or late adverse events were observed. Systemic therapy was discontinued, as it was poorly tolerated and of questionable efficacy (the patient had some lung nodules, but they had remained stable throughout the disease course). We previously reported a 24-month follow-up of this patient with a reduction in size and enhancement of the tumor thrombus, despite no additional systemic therapy (Fig. 1D) [11] . After a follow-up of an additional 10 months, the patient developed left proximal femur and multiple liver metastases. The left femur metastasis was resected, and the area subsequently underwent radiation treatment (20 Gy in 5 fractions). Additional SBRT was administered to the (dominant) liver metastasis (single dose of 35 Gy). Overall, the patient survived for 54 months from the time of initial diagnosis and for 34 months after initial IVC-TT SBRT with no systemic therapy. Over this span of time, the TT did not progress.
Case 2 -An 83-year old male patient was diagnosed with a large (11 cm) right renal mass, a level IV IVC-TT ( Fig. 2A ), lymphadenopathy and an osseous metastasis (T12). Biopsy revealed high grade papillary RCC. Because of comorbidities and poor medical condition, the patient could not undergo surgery and was instead treated with temsirolimus. However, retroperitoneal adenopathy and IVC-TT continued to progress (Fig. 2B) , and the patient developed lower extremity edema. Because of concerns of further morbidity secondary to the IVC-TT, he was referred for SBRT. Treatment was planned for 45 Gy in 5 fractions ( Fig. 2C-D) . However, the patient decided to cease therapy after 4 sessions and to continue with palliative care only; at this point, systemic treatment was also stopped (after an overall treatment period of 4 months with temsirolimus). The patient survived for 18 more months without systemic therapy. Unfortunately, no scans are available to assess stability of the thrombus following SBRT.
PROGNOSIS OF ADVANCED RCC WITH IVC-TT
At the time of diagnosis, up to 30-50% of patients with IVC-TT present with metastatic disease [12] [13] [14] . Based on the Surveillance Epidemiology and End Results (SEER) database, Reese et al. evaluated the natural history of IVC-TT in patients who did not receive surgery, reporting a median survival of only 5 months and 29% 1-year disease-specific survival (DSS) [6] . Although retrospective and prone to selection bias, these data point to the poor prognosis associated with untreated IVC-TT.
Surgical resection is the only current treatment with curative potential for RCC and IVC-TT. Despite radical nephrectomy and IVC thrombectomy, there is still an increased risk of recurrence [15, 16] . A review by Pouliot et al. reported a median survival of 38-116 months and a 5-year DSS of 40-65% for patients with non-metastatic disease, and a median survival of 11-20 months and a 5-year DSS of 6.5-28% for those with metastatic disease [12] . Specifically focusing on patients with high level thrombus, Haddad et al. reported a 49% 5-year cancer specific survival (CSS) and 42% overall survival (OS) for patients with non-metastatic disease. They recognized various risk factors associated with death due to RCC, including regional nodal metastasis, systemic metastasis, high grade tumors (grade 4), necrosis, and increased alkaline phosphatase [15] . Abel et al. developed a nomogram to predict recurrence and identified tumor diameter, body mass index, perioperative hemoglobin lower than normal limit, thrombus level, perinephric fat invasion, and non-clear cell histology as risk factors [16] .
Various research groups have reported that overall survival is independent of thrombus level [3, 13] . However, because higher level thrombi (III-IV) often require cardiopulmonary bypass or other advanced surgical techniques, those cases are associated with higher complication rates. Blute et al. reported 15% complication rates for level I-II thrombi compared to 30% for level IV [3] . Current multi-center reports have described similar rates [5, 17] .
Furthermore, although surgical resection is the only curative option in these patients, postoperative morbidity after such procedures still reaches 30-35% [5] . Because many of these patients are elderly and may be at high surgical risk, other viable treatment options should be sought.
SBRT FOR RCC
Historically, RCC has been considered resistant to radiation therapy, but accumulating evidence suggests that RCC is sensitive to hypo-fractionated radiation therapy, such as SBRT. In vitro studies showed decreased RCC cell survival with radiation doses higher that 6 Gy per fraction [9] . After delivering SBRT with 16 Gy per fraction to mice with RCC, previous studies from our institution showed good local response rates with over 70% decrease in tumor size and no mitotic activity after tumor excision [18] . Accordingly, initial clinical reports suggested good control rates for both localized and metastatic disease using SBRT. Siva et al. systematically reviewed studies conducted on 126 patients treated with SBRT for localized disease, reporting estimated 2-year local control rates of 93%. The rate of severe adverse events (AE ≥ grade 3) was 3.8% and the rate of minor AE was 21.4% [8] . Recent prospective trials including small cohorts of 15-30 patients and various regimens of SBRT, as high as 25 Gy per fraction, reported overall good local control rates ranging from 87% to 95%; however, follow-up was limited [9] . Radiation therapy has been the therapy of choice for RCC metastasis in the central nervous system (CNS) and bones for many years. Recent data indicate local control rates of 84% for brain metastasis with stereotactic radiosurgery, which was also associated with improved overall survival [19, 20] . Similar control rates were reported from UT Southwestern with a median follow-up of 2-years (86%) [21] . Importantly, the survival of patients with and without brain metastases in our own small institutional series was comparable [21, 22] . Wang et al. described one of the largest retrospective cohorts of patients treated with SBRT for extracranial RCC metastasis, including 175 lesions from 84 patients [10] . Radiation was delivered as 40-60 Gy / 5 fractions, 30-54 Gy / 3 fractions, or 20-40 Gy in a single fraction. The local control rate was 91% after a median follow-up of 16.7 months. The authors found that lower recurrence risk was associated with previous systemic therapy (<2 lines) and a biologically effective dose (BED) of >98.7 Gy. Only minor acute AEs (grade 1-2) were reported following 10.4% of treatments. However, 5 grade 3 late AEs (>3 months following therapy) were reported, 2 of which were due to gastrointestinal bleeding that required surgery [10] . A recent report that focused on lung metastasis reported 1 and 3-year local control rates of 98% and 92%, respectively, also suggesting that better control rates are associated with higher radiation doses (BED ≥ 120 Gy, p = 0.054) [23] .
SBRT FOR TUMOR THROMBUS
While the two cases we report are the first published in the kidney cancer literature, a few groups have reported the effectiveness of SBRT in treating tumor-related thrombus in hepatocellular carcinoma. Xi et al. used SBRT to treat advanced hepatocellular carcinoma with invasion of the portal vein (PV-TT) or IVC in 41 patients. The SBRT median dose was 36 Gy in 6 fractions. After a median follow-up of 10 months, only 8% of treated tumors progressed with 36% having a complete response [24] . Similarly, Matsu et al. reported high tumor response rates for hepatocellular carcinoma-related tumor thrombus of about 70% [25] .
We described the first two cases of RCC-related IVC-TT treated with SBRT with extended follow-up. So far, our initial experience has shown good control rates with minimal AE. Survival after SBRT ranged from 18 to 36 months, both with high level IVC-TT and symptomatic disease despite no systemic therapy. These results are similar to those observed after surgical resection and better than those expected with conservative management, suggesting SBRT is a viable treatment option in selected patients.
Based on our experience and available data, we have initiated a phase II trial of neoadjuvant SBRT for IVC-TT (NCT02473536) to reduce systemic recurrence. Initial results from the safety lead-in phase of this trial on 6 patients were recently presented [26] . SBRT was delivered with a total dose of 40 Gy divided into 5 fractions to the IVC-TT, followed by nephrectomy and thrombectomy. No serious AE (≥ grade 3) were reported, and only mild AE grade 1-2 were associated with radiation therapy [26] . These data suggest that neoadjuvant SBRT to IVC-TT is feasible and safe.
In our opinion, SBRT treatment to IVC-TT should be considered in several settings. First, in patients with an isolated IVC-TT recurrence who are not optimal surgical candidates or who would prefer a less morbid intervention than a second surgery. In these patients, SBRT may obviate the need for systemic therapy while offering good local control rates and avoiding toxicity from systemic therapy.
Second, SBRT to an IVC-TT may also be considered in patients with localized disease who are not surgical candidates and for whom SBRT may be administered to both the IVC-TT and the primary tumor. Third, SBRT to an IVC-TT may also be considered in patients with metastatic disease and IVC-TT, who may not be optimal surgical candidates due to the extent/bulkiness of the metastases, or due to comorbidities. In these patients a trial of systemic therapy may be warranted. However, if there are concerns about the development of Budd-Chiari syndrome or isolated progression of the TT, SBRT may be fitting.
While the CARMENA trial [27] suggests that there may be limited benefit to cytoreductive nephrectomy, we still believe that patients with high level tumor thrombi and no bulky metastases may benefit from surgery. In the setting of bulkier metastatic disease, systemic therapy up front may be reasonable.
Finally, SBRT may also be considered as a single treatment modality in the setting of palliative treatment for advanced IVC-TT.
CONCLUSIONS
SBRT may be considered as a treatment option for managing RCC, as indicated by recent evidence accumulated on treatment of both primary and metastatic disease. We use SBRT routinely for the treatment of brain and bone metastasis. Based on our experience, SBRT to IVC-TT is feasible and safe, and may be a viable treatment option for selected patients. In the future, SBRT may also be part of multimodal treatment, potentiating response rates to systemic therapy and improving disease-free survival in patients undergoing surgery.
